A novel palladium-polyphenosafranine nano-composite (PPS-Pd) was synthesized by electrochemical co-deposition at a glassy carbon electrode (GCE) for fabrication of a nitrite sensor, PPS-Pd/GCE. This PPS-Pd film was characterized by X-ray photoelectron spectroscopy (XPS) and field emission scanning electron microanalysis (SEM). It was found that the PPS-Pd nano-composite consisted of Pd nanoparticles smaller than 10 nm in diameter which stick together due to the polymer, forming a Pd-embedded PPS layer structure. The sensing ability was investigated by cyclic voltammetry (CV), differential pulse voltammetry (DPV) and differential pulse amperometry (DPA). The PPS-Pd/GCE had excellent catalytic activity toward the oxidation of nitrite: high current sensitivity of 0.365 A/M cm -2 , good reproducibility, good stability and fast response. In neutral solutions, a linear concentration range of 1.0 × 10 -6 to 1.1 × 10 -3 M (R 2 = 0.999) with the detection limit (s/n = 3) of 3 × 10 -7 M nitrite was obtained for DPV determination.
Introduction
In recent years, there has been great interest in the fabrication of nanosized materials because they exhibit unique electronic, catalytic, and optical properties. [1] [2] [3] The continuing interest in nanosized noble metal particles has been driven by their unusual physical and chemical properties, which are quite different from those of the bulk materials. 4 During the last decade, conjugated polymers have received increased attention for commercial applications. [5] [6] [7] [8] [9] In particular, the preparation and application of various electroactive polymers with incorporated metal particles is widely investigated as a means of facilitating electrocatalysis. [10] [11] [12] [13] [14] The remarkable characteristics of Pd nanoparticles 15, 16 have been extensively investigated. There are many reports about Pd imbedded in traditional polymers such as polyaniline, polypyrrole, and polythiophene. [17] [18] [19] [20] [21] Two approaches to the preparation of complex polymer-metal systems can be marked out: (1) electroless reduction of metal salts by electroactive polymer films, powders or solutions; [22] [23] [24] (2) electrochemical syntheses of nanostructured metal-polymer composites. [25] [26] [27] [28] A new group of electroactive polymers, polyazines, have attracted a growing interest because of their good mediating and electrocatalytic properties. [29] [30] [31] They are prepared by oxidative electropolymerization of phenothiazines, phenoxazines or phenazines, which have been used widely as redox indicators and mediators in the field of biochemistry. 32 Polyphenosafranin (PPS), an electropolymerized N-substituted phenazine, immobilized on electrode surfaces has been found to be an electrocatalyst towards the oxidation of ascorbic acid (AA), dopamine (DA), serotonin (5-HT) and O2. 33, 34 This PPS film is electroactive because each monomer unit retains its electroactive heterocyclic nitrogen atom. Moreover, as polymerization occurs, more pendent amine groups become nitrogen bridges and these bridges become electroactive, similar to those in polyaniline and poly(thionine) films. 35 Polyaniline (PAn) films have won particular attention for their high conductivity, good redox reversibility and excellent stability. However, the catalytic activity of PAn is significantly imfluenced by the pH value, and little electrochemical activity is found at pH > 4. 36 Thus, we try to investigate a new group of conducting polymers, the azine derivatives, which are interesting due to their containing N heterocyclic ring structure that form cation-radicals upon electrooxidation for the polymerization. 37 To our best of knowledge, no work has been reported on metal particles embedded in polyazines for fabrication of electrochemical sensors.
In this work, we incorporated Pd nanoparticles into polyphenosafranine film to form a new nano-composite by cycling the electrode potential in a mixed PdCl2 and phensosafranine solution. We expected that the nano-structured electrode may have many potential applications in electroanalytical chemistry. Here, this modified electrode has been successfully used as an amperometric sensor for nitrite determination.
Experimental

Apparatus and materials
Electrochemical experiments were performed with a Model CHI832 electrochemical analyzer (Cheng-Hua Instruments Co., Shanghai, China). A conventional three-electrode system was used, consisting of a bare or modified glassy carbon (4 mm diameter) working electrode (GCE), a twisted platinum wire counter electrode and a saturated calomel reference electrode (SCE). All potentials given in this paper are versus SCE. All experiments were performed at room temperature.
Differential pulse voltammetry (DPV) was performed at a scan rate of 50 mV/s with a pulse amplitude of 50 mV, pulse width of 50 ms, and pulse time of 200 ms. Differential pulse amperometry (DPA) was performed as follows: the electrode was cleaned at +0.40 V for 1.0 s, then the potential was pulsed to +0.70 V for 50 ms and then pulsed to +0.75 V for 50 ms. The currents were sampled at +0.70 and +0.75 V with the electrolyte was being stirred. The electrochemical solutions were thoroughly deoxygenated by N2 before sampling and an N2 atmosphere was maintained throughout each experiment.
Surface analysis of the electrodes was performed by X-ray photoelectron spectroscopy (XPS) on an ESCALAB MKII spectrometer (VG Co., UK) with Mg Kα radiation X-ray radiation as the excitation source. A JSM-6700F (JEOL) field emission scanning electron microanalyzer was used to examine the morphologies of the nanostructure.
Phenosafranine, sodium nitrite, uric acid and citric acid were obtained from Chemical Reagent Company of Shanghai (Shanghai, China). Dopamine hydrochloride was purchased from Sigma (USA). All other chemicals were of analytical grade. They were used as received without further purification. Phosphate buffered solutions (PBS, 0.1 M, pH 7.0) containing 0.1 M KCl were used as the supporting electrolyte.
Preparation of modified electrodes
Prior to modification, the bare GCE was polished successively with 1.0, 0.3, and 0.05 μm alumina slurry. After each polishing, the electrode was rinsed with doubly distilled water, and then sonicated in ethanol and doubly distilled water for 5 min. Each electrodeposition process at the bare GCE was accomplished with cyclic voltammetry (CV) scanning between -0.8 and 1. Figure 1 shows the typical CV of modification. A successive increase in the amplitude of CV peaks from cycle to cycle indicates that a film was formed on the electrode. A layer of brown substance was deposited onto the surface of GCE. A couple of small redox peaks can be found at Epa -0.42 V (IVa) and Epc -0.69 V (IVc), these are caused by oxidation and reduction of adsorbed hydrogen species, respectively (H + + e -→ Hsorbed). 38 When the anodic sweep limit was extended to 1.3 V, phenosafranine can be oxidized to form phenosafranine radical cations, followed by radical dimerization via a carbon-nitrogen coupling route. 34 The molecular structure of phenosafranine and the proposed structure of PPS are shown in Scheme 1. Cathodic peaks at 1.07 V (I), 0.71 V (II) and -0.05 V (III) were observed, these correspond to PdCl6 2-/PdCl4 2-, PdCl4 2-/Pd and Pd(OH)2/Pd reduction reactions, respectively.
Results and Discussion
Formation of PPS-Pd composite on GCE
The surface of the modified electrode was characterized by XPS, as shown in Fig. 2 . Figure 2(a) shows two peaks at 335.4 and 341.1 eV, these are the characteristic 3d5/2 and 3d3/2 peaks for Pd 0 , and indicate the existence of Pd 0 in the surface layer. Figure 2 (b) shows the N 1s peak at about 400 eV. This peak has been deconvoluted to peak components at binding energies (BE) 398.1 and 399.9 eV, attributed to the imine (-N=) and amine (-NH-) species, respectively. It seems reasonable to suppose that PPS comprises phenosafranin units linked by -NH-. As polymerization occurred, more pendent amine groups 982 ANALYTICAL SCIENCES AUGUST 2007, VOL. 23 became nitrogen bridges and these bridges become electroactive, similar to those in polyaniline. The Pd 3d5/2 peak (BE = 335.4 eV) is in an intermediate position between those of metallic palladium (BE = 335.2 eV) and Pd 2+ (337.7 eV), indicating the Pd atoms deposited are surrounded by both metal and partially nonmetal atoms. 39 An SEM image of the surface layer is shown in Fig. 3 . It can be seen from the image that the modified film is schistose that consists of nanoparticles of smaller than 10 nm size. These nanoparticles stick together and become covered by a thin layer film of the polymer. Thus the PPS-Pd composite can be described as a novel type with Pd nano-particles embedded in PPS film.
Electrocatalytic oxidation of nitrite at PPS-Pd/GCE
Cyclic voltammetry. The CV curves of nitrite at PPS-Pd, Pd and PPS modified GCEs were presented in comparison with a bare GCE, as shown in Fig. 4 . The CV at the bare GCE gave a broad small peak at peak potential (Ep) of about 1.0 V. The PPS/GCE, Pd/GCE and PPS-Pd/GCE gave negatively shifted oxidation peaks at about 0.9, 0.85 and 0.77 V, with 1.2, 1.8, and 3.5-fold increased peak currents, respectively. The current increase is mostly due to the increased reversibility of the electron transfer process, which is evidenced from the decreases of the distance between Ep and the half peak potential (Ep/2). Results indicate that the electrocatalytic activity toward nitrite oxidation is in the order of PPS-Pd/GCE > Pd/GCE > PPS/GCE. Palladium is known to react easily with a number of nitrogen-containing organic compounds, such as amines and imines. Such reactions result in the formation of complexes in which nitrogen atoms are coordinatively bonded to Pd. 40 The incorporation of Pd into PPS forms a new composite material. We have demonstrated that the CV deposition of Pt nanoparticles, in which a Pt nanoparticle was formed during one cycle of CV scanning. 41 Similar cases can be expected to occur for the generation of Pd nanoparticles in the Pd-PPS deposition; however, each Pd nanoparticle should be covered by a thin-layer of in-situ synthesized PPS film of nano-thickness. The significant increase of catalytic activity of the PPS-Pd films in comparison with either Pd nanoparticles or individual PPS films reflects a significant synergic effect between nano-Pd and nano-PPS. This effect involves not only separating the Pd nanoparticles and thus increasing their effective surface area for the catalytic reaction, but also by creating novel interface of Pd/PPS, where the nano-Pd can coordinatively bind to PPS through N atoms, which will change the properties of both Pd and PPS. Certainly, the XPS demonstrated that the Pd 3d5/2 peak is partially shifted from pure metal to Pd 2+ state, which may be the reason for the enhancement of catalytic activity toward NO2 -oxidation. Judging from the decrease of the overpotential, we conclude that the electrocatalytic activity PPS-Pd/GCE is excellent in comparison with a polymeric nickel tetraaminophthalocyanine (p-NiTAPc) film coated glassy carbon electrode (p-NiTAPc/GCE) or a carbon nanotube-modified electrode. [42] [43] [44] Scan rate dependence of the peak current. The effect of scan rate on the peak current of NO2 -at the PPS-Pd/GCE was investigated, as shown in Fig. 4(b) . Results show that the peak current (ipa) was a linear function of the square root of scan rate over the range peak potential (Epa) was affected significantly by the variation of pH. This is in agreement with the observations reported; 45, 46 the process is different from the mechanism in acidic media. 47 This was explained by the reaction route of NO2 formation followed by a homogeneous disproportionation reaction to NO3 -. 48 Nitrite detection. The DPV responses of the PPS-Pd/GCE in various nitrite concentrations are shown in Fig. 6 . The DPV peak current (Ip) was a linear function of nitrite concentration in the range of 1.0 × 10 -6 to 1.1 × 10 -3 M, Ip (μA) = 0.658 + 0.046 × cnitrite (μM) (R = 0.9998). A detection limit of 3.0 × 10 -7 M was estimated (s/n = 3). The current sensitivity of 0.365 A/M cm -2 is higher than the reported value of 0.292 A/M cm -2 . 49 DPV determination of nitrite in PBS at different modified electrodes is listed in Table 1 . As can be seen, the listed modified electrodes other than ours were all used in supporting electrolyte solutions of pH ≤ 3.5. Because the rate of disproportionation of nitrite in strongly acidic media is significant, these media should not be good for nitrite determination. Considering the possible applications to biological sample (pH 7.4), we think that this PPS-Pd/GCE could find wide applications, especially to in vivo and in vitro detections. The linear range of detection at PPSPd/GCE was also better than those of the others. The advantage of the PPS-Pd/GCE can be attributed to the PPS-Pd nanocomposite structure. The nano-composite has enlarged the effective surface area of the electrode, which leads to the larger electroactive surface of the modified electrode for detecting the nitrite. Since there are dense -NH2 + groups in the composite film, when dipping the PPS-Pd/GCE into the solution, the film can absorb and accumulate nitrite ions by the NO2 -and -NH2 + interactions, providing promoted oxidation of NO2 -and enhanced peak current response. The incorporation of Pd into PPS forms a new composite material. Due to a significant synergic effect between nano-Pd and nano-PPS, the significant increase of catalytic activity of the PPS-Pd film in comparison with either Pd nanoparticles or individual PPS film has been shown. Figure 7 shows the DPA responses of the sensor for successive additions of nitrite (0.1 mM each time). The response time was about 3 s for each addition and the current step had excellent reproducibility. Interferences and stability. The anti-interference ability of the PPS-Pd/GCE was also investigated. The criterion of the interference is based on the current response. If the addition of given molecules or ions causes a current change of 10% or more, we consider it to interfere. In the experiments of testing for the possible interference, 5 × 10 -4 M nitrite was used. We found that 500-folds Na + , K + , Ca 2+ , SO4 2-, or Cl -, and 50-folds dopamine, uric acid, or citric acid, did not interfere with the determination of nitrite. The fabricated electrode showed good sensitivity, reproducibility, and stability. The current response exhibited almost no change for a week during its storage in air. 
Conclusions
In the present work, a nano-structured metal/polymer composite has been electrochemically deposited at GCE, generating a modified electrode PPS-Pd/GCE. The modified film was very homogeneous and stable on the surface of glassy carbon electrodes. The electrode is easily prepared and shows a high electro-catalytic activity toward nitrite oxidation. The PPS-Pd composite modified layer can further reduce the overpotential and can significantly enhance the CV and DPV peak current response of nitrite oxidation in comparison with Pd and PPS individually modified layers. This can be attributed to the cooperative effect of PPS and Pd nanoparticles. This advantage of the co-deposition modification may find further applications in the field of electrochemical sensing. Compared with the nitrite oxidation-based nitrite sensor reported previously, this method exhibits wider linear range and lower detecting limit. Furthermore, its sensitivity, repeatability and stability are satisfactory. All of these improvements illustrate the potential applications of this type of electrode for the anodic determination of nitrite.
